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Abstract
Monocrystal films of the Ge
1-x
Sn
x
 solid solution (0<x<03) were grown on Ge substrates by the method of liquid phase epitaxy from a 
limited volume of tin melt solution. The surface relief of the epitaxial film, as well as the spectral photosensitivity and current-voltage 
characteristics of the n-Ge-p-Ge
1-x
Sn
x
 heterostructures (0<x<03) are investigated. Hillocks of nanocrystals from the Ge
1-x
Sn
x
 solid solution 
with a base size of 150 to 400 nm and a height of 5 to 20 nm are formed on the film surface. The spectral photosensitivity of n-Ge-p-Ge1-
x
Sn
x
 heterostructures (0<x<03) covers the photon energy range from 0.4 to 1.4 eV.
Keywords: solid solution, liquid phase epitaxy, heterostructures, epitaxial film, band gap, nanocrystals.
Introduction
The  technological features of growing and the study of 
the physical properties of two- and multi-component com-
plex semiconductor solid solutions (TP) based on semicon-
ductor and semi metallic elements of group IV is seemed as 
promising materials for electronics. The band gap of  Ge1-
x
Sn
x
 TP semiconductor solid solutions varies in a wide range 
- from ~ 0.3 to ~ 2 eV which depends on the component 
composition therefore. They can be used as active elements 
of optoelectronic devices operating in the far and near infra-
red spectral regions.
The band gap of direct-gap diamond-like Ge1-xSnx TPs 
depends on Sn concentration (Fig. 1.) [1]. The Ge
1-x
Sn
x
 and 
Ge
1-x-y
Si
x
Sn
y
 layers are attractive because they can be used 
as artificial substrates for further growing AIIIBV and AIIBVI 
semiconductor compounds on them. The Ge
1-x
Sn
x
 solid solu-
tions are stable at high temperatures and their strain states 
can be regulated [2, 3, 4, 5]. The lattice parameter and ther-
mal expansion coefficients of many semiconductor AIIIBV 
compounds can be matched with the Ge
1-x-y
Si
x
Sn
y
 triple TP 
(Fig. 2).
Recently, along with double TP of group IV - Ge
1-x
Sn
x
 
and Si
1-x
Sn
x,
 much attention has been paid to the technolog-
ical features of growing and studying the photoelectric and 
structural properties of triple TP - Si
x
Sn
y
Ge
1-x-y 
[6, 7].
The electronic properties of Ge / Ge
1-x-y
Si
x
Sn
y
 structures 
are theoretically predicted.
It is shown that the crystal lattice with strained Ge lay-
ers and relaxed Ge1-x-ySixSny epitaxial layers can have a 
straight band structure.
Fig. 1. Dependence of the band gap of the Ge
1-x
Snx sol-
id solution on the Sn concentration: ■ - experimental 
points; solid line - linear-parabolic approximation of 
experimental points; ∆ (dotted line) - according to the 
density functional theory for the solid solution GeSn of 
zinc blende [1].
The predicted value of the direct band gap reaches 0.6 
eV [8]. The band gap widths of indirect-gap Ge-like TP films 
Ge
1-x-y
Si
x
Sn
y
 grown on Si substrates through Ge buffer lay-
ers were determined in a wide range y>x [9]. It was found 
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that the  band gap dependence on composition can be rep-
resented by a bilinear expression of the form: E = (0,668 ± 
0,008) + (0,67 ± 0,15)⋅х − (1,77 ± 0,16)⋅у (эВ). In the Ge1-
x-ySixSny ternary TPs, due to deformation and composition 
change, the fundamental absorption edge can be adjusted in 
the wide infrared range, which provides the basis for inte-
grating microelectronics with optical components into a sin-
gle chip [10, 11]. 
Fig. 2. Dependences of thermal expansion coefficient on the lattice parameter for semiconductor materials of groups 
IV, III-V and II-VI [2].
This paper presents the results of experimental studies of 
the liquid-phase growth, as well as the structural and some 
photoelectric and electrical properties of narrow-gap 
Ge
1-x
Sn
x
 TP.
The method of growing the epitaxial layer of the solid 
solution Ge
1-x
Sn
x .
Ge1-xSnx solid solutions were grown with using liq-
uid-phase epitaxy from a limited volume of Sn solution-melt 
by forced cooling in an atmosphere purified by palladium 
hydrogen. To grow the layers, we used a vertical quartz reac-
tor with horizontally arranged substrates. Ge plates with a re-
sistivity of 1 Ω·sm , crystallographic orientation (111), were 
used as substrates. The diameter and thickness of the sub-
strate is 50 mm and ~ 400 m, respectively. First, a vacuum 
was created in the reactor to a residual pressure of 10–2 Pa, 
then purified hydrogen was passed through the reactor for 15 
min, and then the heating process began. When the tempera-
ture reached the required value, the system switched to auto-
matic mode. Within 40 min, the solution-melt was homoge-
nized. Then the substrates on a graphite holder were brought 
into contact with the solution-melt and, after filling the gaps 
between the substrates with the solution-melt, they rose 1 cm 
above the level of the solution. The composition of the solu-
tion-melt was obtained on the basis of the results of prelim-
inary studies of the Sn + Ge, Sn + Ge + Zn, Sn + Ge + ZnSe 
system and literature data [12].
At the initial moment of growth, Ge crystallizes from the 
solution-melt, since at the selected epitaxy temperature the 
solution is saturated with respect to Ge. At lower tempera-
tures, conditions for growing the Ge1-xSnx solid solution 
are created. Samples were grown at various values  of the 
parameters of  liquid  epitaxy. The composition of the solu-
tion-melt, the onset of the crystallization temperature, the 
cooling rate of the tin solution-melt, the distance between 
the upper and lower substrates is varied.
The Sn content, as well as the homogeneity of the dis-
tribution of the components, along the thickness of the epi-
taxial layer as well as  in directions parallel to the crystalli-
zation front, depend on the composition of the solution-melt 
and the temperature of the onset of crystallization. With 
an increase in the Zn content, especially ZnSe in the solu-
tion-melt solution, the tin content in the solid solution sharp-
ly increased, which is probably due to the influence of the 
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third component on the effective value of the distribution co-
efficient [13]. It was also established that with an increase 
the temperature of the onset of crystallization under identi-
cal conditions and the composition of the solution-melt, the 
Sn content in the Ge1-xSnx TP increases. In the grown TP 
epitaxial layers from the Ge + Sn + ZnSe solution – melt, at 
the crystallization start temperature of 740 ° C, the Sn con-
tent was x = 0.1, and at 540 ° C, x = 0.03. 
Analysis of X-ray fluorescence spectra before and after 
successive deletions of part of the grown layers, which con-
tain peaks with high intensities corresponding to germanium 
((λ = 1.244 Å) and tin (λ = 0.925 Å)), showed that the con-
tent of Ge and Sn in the TP is the same for the area of  films 
and along the growth direction of the layers. The thickness 
of the film layers varied in the range of 3–35 m depending 
on the growth mode and on the thickness of the gap between 
the substrates.
The quality of the Ge1-xSnx epitaxial layers also de-
pends on the speed of forced cooling, the value of which 
varied in the range 0.5–7.5 grad / min, which corresponds 
to the actual crystallization rate of the layers 0.13–0.20 µm/
min. The structural perfection of the grown layers also de-
pends on the size of the gap between the horizontally po-
sitioned substrates, the value of which could be varied in 
the interval of 0.25-2.5 mm with the help of special graph-
ite supports. At values  of the gap smaller than 0.25 mm, the 
growth of epitaxial layers was not observed which, probably, 
due to the lack of wettability of the substrates with the solu-
tion-melt. The layers of solid solutions that are most perfect 
in structure, on the upper as well as in lower substrates, were 
grown at a gap of 0.65-1 mm. For values  of the gap between 
the substrates greater than 0.85 mm, the quality of the lay-
ers grown on the lower substrates was always higher than the 
layers grown on the upper substrates. 
This was also reflected in the surface dislocation density 
of the grown layers. This difference grew with the increase in 
the gap between the substrates. This is apparently due to the 
prevalence in the mechanism of mass transfer to the crystal-
lization front of convection currents as compared with mo-
lecular diffusion with an increase in the gap [14].
Structural, photoelectric and electrical measurements of 
parameters of n-Ge – p – Ge
1–x
Snx heterostructures (0 ≤ 
x ≤ 0.03).
1. Study of the surface topography of the epitaxial film of 
the Ge
1-x
Snx solid solution (0 ≤ x ≤ 0.03).
The surface relief of an epitaxial film of a Ge
1-x
Sn
x
 solid 
solution (0 ≤ x ≤ 0.03) was studied using an atomic force mi-
croscope (AFM). A three-dimensional AFM image of an epi-
taxial film is shown in fig. 3. It can be seen that on the sur-
face separate tubercles of various sizes are formed. The anal-
ysis showed that the diameter of the base of the hillocks var-
ies in the range from 150 to 400 nm, and the height from 5 
to 20 nm. 
At heteroepitaxial growth the strain energy caused by the 
mismatch of the lattice parameters of the contacting semi-
conductors is the driving force for the formation of self-or-
ganizing three-dimensional islands. Since the mismatch of 
the lattice constants for Ge/α-Sn systems is ~ 12%, it is pos-
sible to form nanocrystals from the Ge
1-x
Sn
x
 solid solution 
on the surface of the epitaxial film. The appearance of the 
selective reflection α(222)
GeSn
 at 2θ = 56.360 in the diffrac-
tion pattern from the atomic planes of the solid solution in-
dicates that the film contains coherently located nanocrystals 
from the Ge
1-x
Sn
x
 phase. Note that the lattice constant of Ge1-
x
Sn
x
 nanocrystals is 0.44% more than the lattice constant of 
the germanium substrate, which is possibly due to the defor-
mation of the crystal lattice of the heteroepitaxial film. The 
dimensions of the hillocks obtained by AFM on the surface 
of the film and nanocrystallites, obtained by X-ray diffrac-
tion in the epitaxial film have similar values. Therefore, ap-
parently, the solid solution Ge
1-x
Sn
x
 with a high Sn content 
forms nanocrystals in the epitaxial film of the solid solution. 
These quantum-sized objects in an epitaxial film can be used 
in mono-optical properties of heterostructures made on the 
basis of the studied solid solution.
Fig. 3. Three-dimensional AFM image of the epitaxial 
layer of the Ge
1-x
Snx solid solution (0≤x≤0.03).
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Fig. 4. The linear dimensions of the average tubercle 
on the surface of the epitaxial film of the Ge
1-x
Snx solid 
solution (0≤x≤0.03).
2. Spectral photosensitivity of n-Ge – p-Ge1-xSnx hetero-
structures (0 ≤ x ≤ 0.03).
Non-isotype n-Ge – p-Ge
1-x
Sn
x
 heterojunctions (0 ≤ x ≤ 
0.03) with a transition graded gap-gap buffer layer consist-
ing of a Ge
1-x
Sn
x
 TR-replacement were obtained using liq-
uid-phase epitaxy. The composition of the transition layer 
varies along the film thickness: Ge dominates closer to the 
substrate, and with grows the layer, the molar content of Sn 
increases. In the epitaxial film, the molar content of Sn is 3 
at.%, The film is a TP of substitution Ge
0.97
Sn
0.03
. To clarify 
the role of the TR components, we experimentally investi-
gated the spectral dependence of the photosensitivity of the 
fabricated structures using an IKS-21 infrared spectrometer. 
The measurement results are shown in Fig. 5. From fig. 5 it 
is seen that the photosensitivity of the structures studied cov-
ers the photon energy range from 0.4 to 1.4 eV.
It is known that the edge of the photosensitivity of ger-
manium p-n junctions is 0.67 eV. The shift in the sensitivi-
ty of the studied structures to the long-wave side is due to 
the TP p-Ge
0.97
Sn
0.03
. However, the rise in spectral sensitiv-
ity is not sharp, which may be due to the thickness of the 
p-Ge
0.97
Sn
0.03
 TP layer which effectively absorbs low-energy 
quanta. Since p-Ge
0.97
Sn
0.03
 is an indirect-gap semiconduc-
tor material, to complete the absorption of long-wavelength 
photons, a layer of sufficient thickness is required, greater 
than 15 m. The decrease in photosensitivity at photon ener-
gies greater than 0.9 eV is due to the depth of the p-n-junc-
tion separating barrier, which in our case is determined by 
the thickness of the p-Ge
1-x
Sn
x
 layer and is ~ 15 m. The dif-
fusion length of minority carriers in the p-Ge
1-x
Sn
x
 layer, as 
indicated above, is L
n 
≈3.16 m, which is less than the depth 
of the separation barrier. Consequently, electron-hole pairs 
generated in the near-surface region of the structure by short-
wave photons do not reach the separating barrier and do not 
participate in the creation of the photocurrent.
Fig. 5. Spectral photosensitivity of n-Ge–p-Ge
1-x
Snx het-
erostructures (0 ≤ x ≤ 0.03) at room temperature.
3. Current-voltage characteristics of n-Ge–p-Ge1-xSnx 
(0≤x≤0.03) heterostructures.
To measuring the current-voltage characteristics (I– V) 
the ohmic contacts of  n-Ge–p-Ge
1–x
Sn
x 
 heterostructures (0 
≤ x ≤ 0.03)were created by vacuum deposition of silver to 
the structure. A typical current-voltage characteristic and its 
straight branch, measured at room temperature, are present-
ed in Fig. 6
The reverse branch of the current-voltage characteristic 
is approximated by a power dependence, of the type I = A⋅Vn, 
where A is a quantity that depends only on the parameters 
of the p-n-heterojunction. At low voltages V<0.4 V, the re-
verse current grows weakly with an increase in the bias volt-
age, with an indicator of n <1. With a further increase in volt-
age, a stronger dependence of the reverse current is observed 
with n ≈ 1.5. At higher voltages, impact ionization occurs in 
the region adjacent to the pn-heterojunction, resulting in soft 
electrical breakdown.
From the analysis of the direct branch of the I – V char-
acteristic, its initial part (V <0.5 V) is well described by the 
exponential dependence, obtained in [15] for pn-diode struc-
tures with modulated resistance of high-resistance “long” (d/
L> 1, where d- is the thickness of the base region, L- is the 
diffusion length of minority carriers) base, ideal injecting p-n 
junction and ohmic back by contact:
Saidov A.S., et al. / ACTA TTPU 1 (2019)  93-100
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0 exp
qVI I
ckT
 = ⋅  
 
                          (1)
and refined in [16] for p-i-n-structures. The exponent с 
calculated in [15] has the value c = 20.8 and is described by 
the expression:
2 1
1
n
db ch
L
c
b
 
+ + 
 =
+
                    (2)
where is the ratio of the mobilities of electrons and holes, 
d is the thickness of the base region from the solid solution 
p-Ge1-xSnx,  Ln is the diffusion length of minority carriers 
in the base region. Electronic processes due to charge modu-
lation when a current passes through the n-Ge–p-Ge1-xSnx 
(0 ≤ x ≤ 0.03) structure are mainly determined by the transi-
tion layer and the p-Ge1-xSnx solid solution. Therefore, the 
thickness of the epitaxial layer, which was d ≈ 15 µm., was 
taken as the base thickness. Considering that usually for 
semiconductors of the group C4  µ
n
/µ
p
 ≈ 2, from (2) we find 
the value of the ratio d/L
n
 ≈ 4.74, which actually turns out to 
be d/L
n
 > 1, and L
n
 = 3.16 µm. The mobility of the main car-
riers found by Hall method was at room temperature µ
p
 =80 
cm2/(V·s), which allows us to determine the mobility of mi-
nority carriers bpn ⋅= µµ , which turned out to be equal to 
160 cm2/(V·s). This, in turn, made it possible to determine 
the lifetime of minority carriers from the ratio, which turned 
out to be 2.4 · 10–8 s.
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Fig. 6. Volt-ampere characteristic of n-Ge – p-Ge1-
xSnx heterostructures (0 ≤ x ≤ 0.03) (a) and its straight 
branch on a logarithmic scale (b).
The pre exponential factor Iо in dependence (1) is de-
scribed by the expression [15]:
2( 1)
2
n
o
n
n
dS b ch
LkTI
q db L tg
L
ρ
 
⋅ ⋅  
 = ⋅
 
+ ⋅ ⋅ ⋅  
 
 ,          (3)
where S- is the sample area, ρ - is the resistivity of the 
high resistance layer of the structure. Determining the value 
of I0 = 8.82·10-3 A, from the VAC data, the ratio of (3) found 
the calculated value of the specific resistance of the high-re-
sistance transition layer from the solid solution, which was ρ 
= 2.2·103 Ω·cm. The resistivity of the epitaxial layer, mea-
sured by the Hall method, was 5.3·10-3 Ω·cm. Apparently, a 
high-resistance p layer forms between the n-Ge substrate and 
the p-Ge1-xSnx epitaxial film (0 ≤ x ≤ 0.03), hence the struc-
ture studied can be viewed as an n-p-p+ junction.
The exponential section is followed by areas with power 
dependencies of the current on voltage, for example, in the 
voltage range from 0.5 to 0.9 V, a quadratic dependence is 
observed - I = 133·V2, and then a weaker current dependence 
is observed to 1.4 V - I = 123·V1.3, which at V> 1.4 V is re-
placed by the second quadratic segment - I = 87·V2. Such a 
dependence of the IVC can be qualitatively explained in the 
framework of the double injection model for n-p-p+ - struc-
tures with ohmic contacts to n- and p+ - layers (Fig. 7) using 
Saidov A.S., et al. / ACTA TTPU 1 (2019)  93-100
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the drift mechanism of current transfer in ohmic relaxation 
mode taking into account the inertia of electron exchange 
between recombination complexes. The ohmic relaxation 
mode of the space charge is realized in the case when the in-
jected space charge is less than the charge of uncompensat-
ed acceptors Na ( 4a
dEq N
dx
ε
π
⋅ >> ⋅
). In this case, the 
basic equation describing the change in the concentration of 
free nonequilibrium carriers (n) has the form [16]:
2 2 0( 1)
aJ N dn U
q b n dx
⋅
⋅ + =
+            (4)
where J is the current density, U is the rate of recombina-
tion of nonequilibrium carriers.
Fig. 7. Scheme of the studied structure of R
Ω
-n-Ge-p-
Ge
1-x
Snx-p
+-Ge
1-x
Snx-RΩ: 1 - metal current collector con-
tacts (R
Ω
), 2 - n-Ge layer (substrate), 3 - region space 
charge of the injecting transition n-Ge-p-Ge
1-x
Snx, 4 
- high-resistance epitaxial layer of the solid solution 
p-Ge
1-x
Snx, 5 - space charge region of the accumulat-
ing transition p-Ge
1-x
Snx – p
+ -Ge
1-x
Snx (0 ≤ х < 0.03), 6 
- low-resistance epitaxial layer of the p+ -Ge
1-x
Snx solid 
solution (0 ≤ х < 0.03).
This mode is studied for the n-Ge−p-Ge1-xSnx−p+-Ge1-
xSnx (0 ≤ x ≤ 0.03)  structure (Fig. 8) with a high-resistance 
p-Ge1-xSnx base containing “negatively charged” recombi-
nation complexes acceptor + positively charged interstitial 
ion ”or“ vacancy + recombination impurity center ”[17]. At 
the same time, the expression for the recombination rate will 
looks like [18]:
2
1 1
( )
( ) ( )
n p i
R
n p n p RS
c c np n
U N
c n n c p p c c npτ
−
=
+ + + +  5)
where NR is the initial concentration of recombination-ac-
tive centers, cn and cp are the capture coefficients of electrons 
and holes, respectively, for these centers, n, p are the concen-
trations of free electrons and holes, respectively, n1, p1 are 
the statistical factors of Shockley-Reed, τRS - time recombi-
nation-stimulated adjustment of NR. The ratio between the 
first two members and the last term in the denominator of ex-
pression (5) varies depending on the level of excitation of the 
high-impedance base of the studied structure. The last mem-
ber of cncpτRSnp grows with arousal level. When the condi-
tions cn(n+n1)+cp(p+p1) >> cncpτRSnp are met, the expression 
for the recombination rate transformed to the expression of 
the Shockley-Reed statistic and the so-called Lambert dou-
ble injection mode takes place. In this case, the solution of 
equation (4) taking into account the boundary conditions — 
the nonideality of the injecting contacts: 
JdnJn ~)(,~)0(  (i.e., the current through the 
np-transition is determined not only by the pure electronic 
component, but also by the hole one; just the current through 
the p-p+ transition is not only purely hole component, but 
also electronic) gives the following form of IVC [18]:
2
38
9 V
d
Nq
J apnn ⋅⋅=
µτµ
             (6)
Expression (6) well describes the quadratic section of the 
IVC of the investigated structure - I = 133⋅V2 in the voltage 
range from 0.5 to 0.9 V. Using (6), the value of Na = 7⋅1016 
сm-3 was calculated from the first quadratic section of the 
IVC.
With an increase in the level of arousal, a moment comes 
when cn(n+n1)+cp(p+p1) > cncp τRSnp. In this case, at a suffi-
ciently high level of excitation, when с
n
 ≈ c
p
, p ≈ n, the re-
combination rate has an next approximate form - U = p/(2τ
n
) 
- c
p
τRS p
2/(4τ
n
), and solving equation (4) gives the following 
type of CVC [18]:
JJM
Nq
dV
annp
⋅⋅= )(
9
8 3
τµµ    (7)
where M(J) ≈ 1 + 3m(2 + CτRScp J )2 , m and C are 
quantities depending on the parameters of the pn-junction 
and the base. The dependence (7) close to the Lambert mode 
expresses a weaker dependence of the current on voltage 
than the quadratic one, which corresponds to the dependence 
I = 123·V1,3 in the experimental I – V plot from 1 to 1.4 V.
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At higher excitation levels, when cn(n+n1)+cp(p+p1) << 
cncpτRSnp, the recombination rate reaches saturation U = NR/
τRS, and the IVC has a quadratic dependence [18]:
( )200 VVBJ −⋅=                     (8)
where 
( )20 /)1( dCbqB n += µ , 
2
0 ( 1) / (2 )R a n RSV b d N N µ τ= + . Dependence 
(8) corresponds to the second quadratic plot of the I – V 
characteristic I = 87·V2 in plot V> 1.4 V.
Conclusion
Thus, it is shown that it is possible in principle to grow 
perfect single-crystal films of the Ge
1-x
Sn
x
 substitution sol-
id solution with (111) crystallographic orientation on sin-
gle-crystal Ge substrates by the method of liquid phase ep-
itaxy from a tin melt solution. Hillocks of nanocrystallites 
from the Ge
1-x
Sn
x
 solid solution with a base size of 150 to 
400 nm and a height of 5 to 20 nm are formed on the film 
surface.
The photosensitivity of n-Ge – p-Ge
1-x
Sn
x
 heterostruc-
tures (0 ≤ x ≤ 0.03) covers the spectral photon energy range 
from 0.4 to 1.4 eV. Grown thin epitaxial layers can be used 
as photoactive material for designing optoelectronic devic-
es operating in the infrared region of the emission spectrum, 
or as a substrate material for further growth of solid solu-
tions on them.
The work was performed under a grant of  FA-F2-003 of 
the Republic of Uzbekistan.
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